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Abstract 
In this study, Solar Energy Demand (SED), Cumulative Exergy Extraction from the Natural 
Environment (CEENE), and LCA-ReCiPe 2016 (using both midpoint and endpoint modeling) life 
cycle impact assessment methods has been used to assess the performance of hydrogen (H2) 
production with renewable and non-renewable electricity sources via high-temperature Solid Oxide 
Electrolysis Cells. The analysis identified most relevant impact categories, life cycle stages, and 
processes, both from a thermodynamic and an environmental viewpoint. Electrolysis with non-
renewable energy is characterized by the greatest environmental burdens, however, renewable 
energy systems also have considerable environmental impacts, some of which are significant. While 
no perfect electricity source exists, a growing portion of the renewable-based electricity production 
in the grid mix is an attractive option to lower environmental impacts of H2 production. Irrespective 
of the evaluation method, the contribution analysis from different life-cycle stages shows and 
confirm that the major contributor to the environmental burdens is the electricity supply. The 
manufacturing stage has high relevance for mineral and metal resources and toxicity-related 
impacts. Calculations of grid-based electrolysis life cycle environmental impacts in some European 
countries showed that significant variations. For example, global warming potential per kgH2 
produced vary between 3.31 and 48.24 kgCO2. Trade-off analysis between the midpoint and 
endpoint indicators revealed that water consumption, global warming, and particulate matter 
formation, play a major role in the ranking of electricity supply options. The findings suggest that 
all potential impacts both at the midpoint and endpoint level should be considered to ensure robust 
results of the LCA evaluation, a fair comparison between pathways towards more transparent and 
evidence-based decisions. Towards that end, a further country site-specific assessment with 
optimization strategies and integration of traditional LCA with resource accounting 
(thermodynamic metrics) will need to be developed to explore additional valuable insights towards 
sustainable electrolytic H2 production systems. 
Keywords: power-to-gas, LCA, hydrogen, electrolysis, resource footprint; Eco-thermodynamics 
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Highlights: 
 A resource-based impact assessment using thermodynamic indicators was performed. 
 It was complemented by a midpoint and endpoint life cycle impact assessment. 
 Electricity supply dominates the result from different life-cycle stages. 
 Sustainable hydrogen production is achieved with renewable electricity supply. 
 Water use and global warming dominate the impacts on human health and ecosystems. 
 
Abbreviations  
Exergetic life cycle assessment (ELCA); Emergy life cycle analysis (EmLCA); Global warming 
potential (GWP); Stratospheric ozone depletion (ODP); Ionizing radiation (IRP); Photochemical 
oxidant formation: human health (HOFP); Photochemical oxidant formation: ecosystem quality 
(EOFP); Human toxicity potential: cancer (HTPc); Human toxicity potential: non-cancer (HTPnc); 
Terrestrial ecotoxicity (TETP); Freshwater ecotoxicity (FETP); Marine ecotoxicity (METP); 
Freshwater eutrophication potential (FEP); Fine particulate matter formation (PMFP); Terrestrial 
acidification (TAP); Land use (LOP); Water consumption potential (WCP); Mineral resource 
scarcity (SOP); Fossil resource scarcity (FFP); Combined heat and power (CHP); Life cycle 
assessment (LCA); Life cycle inventory (LCI); Human health (HH); Ecosystem quality (EQ); 
Resource scarcity (RA); Solar Energy Demand (SED); Cumulative exergy extractions from the 
natural environment (CEENE); High-temperature electrolysis (HTE); Solid oxide electrolysis cells 
(SOEC) 
 
1. Introduction 
Hydrogen (H2) has received a great deal of attention as a clean energy carrier from both scientists 
and policy-makers (Ball and Weeda, 2015). The vision of using hydrogen is one advocated as a 
possible solution to the development of new and more efficient energy conversion systems, as an 
answer to the growing concerns regarding greenhouse gas emissions, energy security, and 
decoupling of economic growth from environmental impacts (Marban and Valdes-Soleis, 2007). 
However, sustainable development of a large-scale hydrogen economy will require potential green 
solutions simultaneously pursuing environmental quality, economic prosperity and social benefits 
(Turner, 2004; Marban and Valdes-Soleis, 2007).  
Hydrogen can be produced through a variety of chemical, electrochemical and biological methods 
using both renewable and non-renewable sources of energy (Dincer and Acar, 2014). In the last few 
years, the interest in poly-generation electrochemical systems based on reversible fuel cell is 
exponentially increasing, due to their higher capacity and efficiency compared to competing 
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technologies (Laguna-Bercero, 2012). Solid oxide cells operating in electrolysis mode (referred as 
Solid oxide cells operating in electrolysis mode-SOEC) not only generate H2 from steam, with a 
very high efficiency but can also co-electrolyze carbon dioxide (CO2) and steam and produce 
synthesis gas. This represents an attractive route for achieving long-term reduction of CO2 
emissions by storing excess renewable electricity into methane and other liquid organic carriers 
(Gahleitner, 2013). 
Hydrogen and fuel-cell systems are promoted as sustainable pathways to generate green H2, 
however, realizing the full environmental potential of hydrogen and fuel cell technology requires 
research and development on product life cycle sustainability (Masoni and Zamagni, 2011; 
Mehmeti et al., 2016a, 2016b). By analyzing impacts throughout the product life cycle using system 
life-cycle thinking (LCT) and assessment (LCA) an interactive knowledge about environmental 
trade-offs and impacts among various processes is established. In the end, the results from life 
cycle-based assessments help to benchmark the environmental performance, prioritize commercial 
environmental improvements and promote sustainable hydrogen production strategies.  
The number of LCA studies on H2 production has increased rapidly in order to guide challenging 
decisions, address sustainability problems and help the selection between alternative technology 
paths (Valente et al., 2016). To date, a limited research is published on LCA of SOEC hydrogen 
production, addressing only the common environmental issues such as greenhouse gas emissions, 
energy use, and acidification potential. Depending on the source of the electricity used for the 
electrolysis process, there are impact categories and indicators that need to be assessed for a holistic 
overview of the complex issue of environmental sustainability. In order to understand the full range 
of potential environmental impacts, Ulgiati et al. (2006) suggest that it is vital carrying out an 
assessment with different impact assessment methods representing both the upstream (depletion of 
many different forms of resources, renewable or non-renewable) and the downstream impacts 
(environmental consequences of the emissions). A multi-impact LCA-based analysis provides 
valuable insights into the trade-offs between life cycle stages and impacts and helps to prioritize 
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research activities and to potentially avert unintended consequences. To generate an enduring 
breakthrough for a highly promising but lower readiness level technology, this research combines 
different environmental impact assessment methods to develop a set of life cycle indicators and 
conduct a holistic environmental sustainability assessment of HTE via SOEC technology (Figure 1). 
The aim of the present study is twofold. Firstly, it advances the scope of the current LCA studies of 
H2 production by providing useful information about natural resource consumption (global demand 
for environmental support provided by the biosphere and efficient use of work potential of 
resources all over the supply chain) using cutting-edge resource consumption assessment methods 
based on thermodynamics. In most recent literature, thermodynamic indicators based on exergy 
(Exergetic life cycle assessment - ELCA) and emergy accounting (emergy-based life cycle 
assessment - EmLCA), integrated with LCA principles, are used together to better understand 
overall environmental sustainability performance of products or services (Buonocore et al., 2015; 
Ehtiwesh et al., 2016; Hernandez et al., 2017). Environmental impacts resulting from resource use 
were analyzed by means of EmLCA using the solar energy demand (SED) method (Rugani et al., 
2011) and an extended ELCA using the Cumulative Exergy Extracted from the Natural 
Environment (CEENE) method (Dewulf et al., 2007). Secondly, with the use of state-of-the-art 
impact assessment method LCA-ReCiPe 2016 (Huijbregts et al., 2017), a multi-criteria 
environmental profile of life cycle impacts at both the midpoint (problem-oriented) and the 
endpoint (damage-oriented) level is presented. The midpoint indicators denote a potential impact 
located somewhere along the cause-impact pathway between emissions/resource consumption and 
the endpoint level. Endpoints are defined as the final damage to the human health, ecosystem 
diversity and resource availability, which are caused by environmental impacts at midpoint level 
(Huijbregts et al., 2016). The LCA-ReCiPe 2016 model is a life cycle impact model used to gain 
insight into environmental effects, including and effects on human health, terrestrial ecosystems and 
freshwater ecosystems alongside other environmental impacts. Life-cycle assessment of water 
consumption for H2 production has become of major interest in sustainability studies because of its 
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great relevance to the comparison of the environmental performance of products (Mehmeti et al., 
2018a). 
Given the limited research on LCA studies on high-temperature electrolysis, the final outcome of 
the paper is to provide a useful multi-impact environmental profile of the SOEC electrolysis 
technology with different applied energy sources (Figure 1). The results provide a better 
understanding of the strengths and weaknesses of electrolysis with SOEC in terms of resource 
footprint and environmental effects and a more comprehensive viewpoint for the researchers and 
policymakers.  
 
Figure 1. Schematic representation of the adopted conceptual framework for environmental 
sustainability assessment. 
 
2. Material and methods 
The following section presents all the preparatory steps before conducting the life cycle impact 
assessment. These include the framing of the system, by determining its boundaries and the 
functional unit of the analysis, and the population of the life cycle inventory, by listing all the 
involved inflows and outflows and estimating their quantity per functional unit. 
Cumulative exergy 
extraction from 
natural environment 
(CEENE)
LCA-ReCiPe 
2016 (H)
Solar energy demand 
(SED)
Exergy life cycle 
assessment
(ELCA)
Environmental 
life cycle
assessment (LCA)
Emergy life cycle 
assessment
(EmLCA)
System 
framing
Input-Output flows
Operation/
service (time)
System boundaries
Environmental analysis
Generation of evaluation criteria
Integration & Synthesis
Resource-based
(e.g. fossil fuel, minerals, metal ores, land 
occupation, nuclear energy); 
Midpoint
(17 indicators, e.g. global warming,
acidification, water consumption,
eutrophication, toxicity-related);
 Endpoint
(e.g. human health, resources and 
ecosystem quality) life cycle environmental
impacts and mid-to-endpoint 
contribution analysis;
Advanced global environmental
sustainability profile of SOEC technology:
Tools & models
Detailed literature review
Tools for environmental 
and economic analysis
Model development and 
system analysis
Assessment framework
Life Cycle Interpretation
 Identify key parameters and life cycle phases that dominate the LCA results.
 Evaluate the consequences of the identified impacts.
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2.1 System framing 
The SOEC technology (Figure 2) is a highly promising, bi-directional, cross-vector technology, 
converting electricity to hydrogen (electrolysis mode, SOEC) and converting it back into electricity 
(fuel cell mode, SOFC). Steam electrolysis (1) uses electricity to split steam into oxygen and 
hydrogen. SOECs must operate at temperatures high enough for the solid oxide membranes to 
function properly (about 600 to 850°C, compared to PEM electrolyzers, which operate at 70-90°C, 
and commercial alkaline electrolyzers, which operate at 100-150°C).  
 
Figure 2. The configuration and operating principle of the SOEC unit (redrawn from (Minh and 
Mogensen (2013)). 
 
High-temperature electrolysis using SOEC ensures enormous thermodynamic advantages since the 
energy is supplied in a mixed form of electricity and heat (Valderrama, 2016). SOECs can 
effectively use heat available from various sources, including waste heat. Theoretically, up to 40% 
of the energy required to produce hydrogen via steam electrolysis can be supplied as heat (Bhandari 
et al., 2014). 
 
H₂
O₂
Power
Sweep gas
2H₂O + 2e¯= 2H₂ + O₂²¯
Cathode
Electrolyte
Anode
O²¯
O²¯ → 1/2 O₂ + 2e¯
H₂O
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(1) 
 
The focus of this LCA study is a SOEC system with a plant capacity of 100 kg of hydrogen per day, 
using electricity provided from the grid. The diagram of the investigated system is shown in Figure 
3, where the main input and output flows, resources and processes are identified. The considered 
system is distinguished into the foreground system and the background system. The system 
describes the cradle-to-grave production of hydrogen and consists of the following phases: 
construction of SOEC, operation, and maintenance. The system boundary is defined using a 
thermodynamic hierarchy at four levels (A+B+C+D). The level A includes the biosphere-related 
processes that provide the primary resources (i.e. traces back the primary energy and material 
resources to include the planetary processes). The level B (technosphere) includes all energy and 
materials conversion processes that are needed to support infrastructure processes in the background 
system (level C). The background system supports the foreground system and its processes. It deals 
with almost all material and energy flows going to and coming from the foreground system. The 
foreground system (level D) comprises all processes related to the production and operation of the 
SOEC itself and includes the direct inputs (water, energy, and other materials) of all stages, which 
are used to produce the functional unit, i.e. 1 kg of H2 at the plant gate. Downstream processes such 
as compression, storage, and delivery pathways are not taken into account. Co-product oxygen is 
released into the environment; hence, no multi-functionality was modeled within the system 
boundaries.  
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Figure 3. System boundary and process flows of HTE-SOEC hydrogen production system. 
RR: renewable resources; NRR: non-renewable resources; FC: Fuel Cell; SOEC: Solid Oxide 
Electrolysis Cell (Modified from (Mehmeti et al., 2018c). 
 
2.2 System life cycle inventory 
The life cycle inventory (LCI) tracked the input-output flows associated with the system under 
analysis ( 
Table 1). For the calculation of the electricity-related environmental impact, the base case considers 
typical values for medium voltage grid-supplied electricity in Italy. The LCA case studies of high-
temperature electrolysis are mainly based on nuclear energy and occasionally supported by 
renewable electricity (Valente et al., 2016). To obtain a complete assessment, the whole spectrum of 
primary energy sources (fossil, nuclear, renewable) for electricity production must be considered 
(IAEA, 2013). Every energy source has different environmental characteristics, bringing with the 
different benefits - and very different problems. Therefore, gaseous hydrogen production based on 
eight different electricity pathways ( 
Table 1) was modeled using imported commodities from the Ecoinvent database (v.3). The 
electricity needed for electrolysis was modeled using renewable (solar, wind, hydropower, and 
biomass) or non-renewable (grid, coal, natural gas, and nuclear-based) pathways under European 
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system boundary conditions. Individual electricity sources were modeled in order to assess the 
sensitivity of the results to the electricity used for electrolysis (Simons and Bauer, 2011). 
 
Table 1. Input-output flows for production of 1 kg of hydrogen with high-temperature solid oxide 
electrolysis (SOEC). 
Unit of product Material Data input  Unit 
Operation 
Deionized water 10.84 kg 
Electricity supply 
a
 40.3 kWh 
Heat, Natural gas, at boiler modulating 5.24 kWh 
Products/Services Hydrogen, at SOEC plant 1 kg 
By-Product  Oxygen, at SOEC plant 7.8 kg 
Stack  
Yttria stabilized zirconia (YSZ) 4.41×10
-4
 kg 
Lanthanum Strontium Manganite (LSM) 2.64×10
-4
 kg 
Nickel Oxide (Nickel, 99.5%, at plant) 2.22×10
-4
 kg 
Ethanol, at plant/RER 6.49×10
-4
 kg 
Polyethylene glycol, at plant/RER 1.30×10
-4
 kg 
1-butanol, propylene hydroformylation, at plant/RER 7.35×10
-5
 kg 
Phthalic anhydride, at plant/RER 7.35×10
-5
 kg 
Chromium, at regional storage/RER 8.10×10
-3
 kg 
Chromium steel 18/8, at plant/RER 4.68×10
-3
 kg 
Sheet rolling, chromium steel/RER 4.68×10
-3
 kg 
Electricity, medium voltage, production UCTE, at grid 1.90×10
-4
 MWh 
Alumina-silica insulation material 1.30×10
-3
 kg 
Transport, all modes b 3.19×10
-3
 tkm 
BoP 
Reinforcing Steel, at plant/RER 1.32×10
-4
 kg 
Sheet rolling, steel/RER 1.32×10
-4
 kg 
Chromium, at regional storage/RER 5.39×10
-4
 kg 
Aluminium, at plant/RER 5.82×10
-5
 kg 
Copper, at regional storage/RER 2.81×10
-4
 kg 
Electricity, medium voltage, production UCTE, at grid 1.15×10
-6
 MWh 
Transport, all modes b 2.02×10
-4
 tkm 
Heating, sanitary equipment Cogen unit 160kWe/RER 1.17×10
-6
 MJ 
Construction work, Cogen unit 160kWe/RER 5.46×10
-6
 unit 
Light fuel oil, boiler 100kW, non-modulating/RER 1.30×10
-2
 MJ 
Building, multi-storey/RER 4.90×10
-6
 m³ 
Building, hall, steel construction/CH 8.07×10
-7
 m² 
a 
Lifecycle unit processes linked to the Ecoinvent: Grid - Electricity, medium voltage, at grid/IT; Nuclear - Electricity, 
nuclear, at power plant/UCTE; Wind power - Electricity, at wind power plant/RER; Natural gas, high pressure, at 
consumer/RER; Solar power - electricity, production mix photovoltaic, at plant/IT; Electricity, hydropower, at power 
plant/IT; Electricity, hard coal, at power plant/IT; Water, deionized, at plant/CH; 
b 
A distance of 200 km was considered for all transportation systems: i) Transoceanic freight ship; ii) Freight, rail; iii) 
lorry >16t, fleet average; iv) Lorry 3.5-16t, fleet average; v) Passenger car; vi) Barge 
 
This LCA is partially based on the observed experimental data of a 5-cell SOEC short stack tested 
in fuel cell and electrolysis mode in the frame of the SOCTESQA (Solid Oxide Cell and Stack 
Testing, Safety and Quality Assurance) project (Graziadio et al., 2016). A single operating point has 
been taken into consideration in this paper, more particularly the thermo-neutral voltage at 750 ºC 
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with an inlet gas composition of 80mol% H2O and 20mol% H2 and a conversion rate of 83%. The 
abovementioned conditions yield a voltage of 1.286 V per cell and a current density of -0.7 A/cm
2
 
attending to the experimental results. European solid oxide cell manufacturers offer similar products 
regarding cell material and size; thus, a planar negative-electrode supported cell with 121 cm
2 
of the 
active area (assumed in this work) can be considered to be the “standard”. Based on these data, 
approximately 1320 cells are needed to fulfill the required daily production of H2 in the refueling 
station, meaning that 143.8 kW are necessary to power the SOEC stack. Accounting for the needs 
of the balance of plant, this figure can be increased to 150 kW. A priori, the 80mol% only external 
thermal power needed in the system is the one necessary to heat the inlet flows from room 
temperature to the nominal operating temperature of the stack (i.e. 750ºC). The conversion rate of 
83% corresponds to a steam inlet into the stack equal to 1086 kg/day. In terms of specific energy 
requirements (without accounting stack degradation), this equals to 36 kWh/kgH2 for the electrical 
side and 4.75 kWh/kgH2 (assuming an efficiency of the heat exchange of 95%) for the heating side. 
The average stack degradation rate was assumed to be 0.5% per 1,000h. Thus, energy requirements 
in terms of electricity and heat are 40.3 kWh/kgH2 and 5.24 kWh/kgH2, respectively.  
The inventory data for manufacturing the electrolyzer module were retrieved using a merged 
inventory of a generic SOFC planar system (Staffell et al., 2012; Mehmeti et al., 2018b) and scaled 
to the required hydrogen output ( 
Table 1). The data for the stack material was scaled up linearly, while the materials for the balance-
of-plant were scaled with an exponential factor of 0.7 (Gerboni et al., 2008). As a general rule, case-
specific primary data is used to describe the foreground processes, while more generic information 
is used for background processes (Masoni and Zamagni, 2011). To be as representative as possible, 
an updated inventory as described by Primas (2007) was developed. Stack service lifetime of 5 
years was used as a base case. The lifetime of system and BoP components was considered 20 
years. The inventory data for the use of stack and BoP are normalized to the functional unit by 
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dividing the amount of activity data with the unit process by the respective lifetime. The 
maintenance was calculated as a function of stack replacement.  
 
2.3 Environmental impact assessment methods 
The environmental impact assessment is performed using a variety of life cycle impact assessment 
methods, that complement each other and provided a holistic view of the environmental 
performance of the process. Both resource-driven and emission-driven indicators are used to 
identify hotspots, most relevant life cycle stages and processes. In the first case, emergy and exergy-
based method are used, whereas in the second case, a more conventional LCA is performed using 
the LCA-ReCiPe2016 methodology and both midpoint and endpoint indicators. 
 
2.3.1 Resource-driven LCIA 
Natural resources have received significant attention in recent years resulting in the development of 
a wide range of resource depletion indicators within LCA (Rørbech et al., 2014). Emergy analysis, 
driven by principles of thermodynamics and systems ecology, is recommended for life cycle studies 
to associate a product with its dependencies on all upstream environmental and resource flows using 
a common unit of energy (Ingwersen, 2011). Emergy provides indicators that expand the evaluation 
process to the larger space and time scales of the biosphere (Sciubba and Ulgiati, 2005). In this 
study, the solar energy demand (SED) method (Rugani et al., 2011) was used to build the eco-
profile of each pathway within LCA. The SED indicator is estimated on the basis of the broader 
emergy approach (Odum, 1996), although it has a few shortcomings because it does not take into 
account components, such as human labor, information, and local ecosystem services (Rugani et al., 
2011). This choice to simplify the calculation procedure was made in order to facilitate the 
comparison with other approaches within the LCA framework. The SED method consists of 
calculating the cumulative amount of each resource ultimately consumed in the technosphere order 
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to produce the functional unit (Arbault et al., 2014). It is expressed in the corresponding physical 
unit and converted to emergy units (i.e. the emergetic cost of extraction and use of each required 
resource). The system boundaries are chosen as similar to those of a life-cycle assessment, as all 
resources needed during the life cycle of a product or process are accounted for. In SED analysis, 
the specific SED scores of commodity life cycles (Rugani et al., 2011), derived from the emergy 
concept, are applied as characterization factors to LCI values. The SED of the system's output is 
given as: 
          
 
      (2) 
 
Where: 
● SEDp represents the total solar energy directly and indirectly required to produce the good or 
service p (expressed as MJse-eq, Megajoules of equivalent solar energy),  
● SEDi is the solar energy conversion factor of the reference flow of resource i (expressed in 
MJse-eq/unit), and 
● Mp,i is the flow of resource i (e.g. measured in kg, m
3
, MJ etc.) involved as input in the 
production and functioning of the SOEC unit. 
 
The SED is a reasonably well-accounted method; however, using SED values as published by 
Rugani et al. (2011), limits the outcome to only one indicator, the one needed for the goals of the 
present study. The use of only one indicator involves the risk of losing some insight regarding the 
interactions of the system with the environment, and especially its relation to ecosystem services 
(Wilfart et al., 2013).  
For the exergy-based life cycle impact assessment, the Cumulative Exergy Extracted from the 
Natural Environment (CEENE) method was applied to calculate the resource footprint (Dewulf et 
al., 2007). CEENE is recognized as a complete advanced accounting method (Liao et al., 2012; Sala 
et al., 2016) and is applied in many scientific studies.  
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 (3) 
 
Where: 
 CEENEj is the cumulative exergy extracted from the natural environment for a product j (in 
MJex-eq),  
 Xi is the factor of the reference flow i (Xi in MJex/ kg, MJex/MJ, MJex/m
3
), 
 ai,j is the cumulative amount of reference flow i (e.g. kg, MJ, m
3
, etc.) necessary to obtain 
product j. 
The CEENE 2014 updated characterization factors adapted for Ecoinvent database (Taelman et al., 
2014) and the SimaPro software were used for the assessment.  
The results for SED and CEENE are presented for eight categories of resources extracted from the 
natural environment: atmospheric, renewable resources, fossil fuels, nuclear energy, metal ores, 
minerals, water resources and land resources. 
 
2.3.2 Emission-driven LCIA 
The most recent version of the life cycle impact assessment method of the ReCiPe LCA 
methodology (LCA-ReCiPe 2016) was used to assess the environmental impacts of H2 production 
via SOEC. The LCA-ReCiPe 2016 (Huijbregts et al., 2017) is a Life Cycle Impact Assessment 
(LCIA) method, which comprises harmonized category indicators at the midpoint and the endpoint 
level. Both midpoint (seventeen) and endpoint (three) indicators were used. The study addresses the 
following midpoint environmental impact categories: Global warming potential (GWP), 
stratospheric ozone depletion (ODP), ionizing radiation (IRP), photochemical oxidant formation: 
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human health (HOFP), photochemical oxidant formation: ecosystem quality (EOFP), human 
toxicity potential: cancer (HTPc), human toxicity potential: non-cancer (HTPnc), terrestrial 
ecotoxicity (TETP), freshwater ecotoxicity (FETP), marine ecotoxicity (METP), freshwater 
eutrophication potential (FEP), fine particulate matter formation (PMFP); terrestrial acidification 
(TAP), land use (LOP), water consumption potential (WCP), mineral resource scarcity (SOP), and 
fossil resource scarcity (FFP). These impact categories contribute differently to the three damage 
categories at endpoint level: Damage to human health (HH), ecosystem quality (EQ) and resource 
scarcity (RA). The application of LCA by using midpoint and endpoint interpretation simplifies the 
interpretation of the LCIA results and contributes to a better understanding of the environmental 
impacts (Bare et al., 2000). Any imprudent usage of the two approaches may affect the assessment 
results and thus lead to misleading findings (Dong and Ng, 2014). The environmental impacts in 
ReCiPe can be calculated by means of three cultural perspectives: Individualist, Hierarchist, and 
Egalitarian. The choice of cultural perspective reflects different choices on effect and damage 
modeling (Huijbregts et al., 2017). In this study, the hierarchist perspective (without any 
normalization and weighting) was used since it is based on the most common policy principles with 
regard to time-frame (100-year timeframe is the most frequently used) and referenced to in the ISO 
standards on LCA as the default version of the method (Goedkoop et al., 2013).  
 
3. Results and discussion 
Interpretation of LCA results has been systematized as follows: (i) Resource use based on 
thermodynamics using solar energy demand (SED) and Cumulative Exergy Extracted from the 
Natural Environment (CEENE) life cycle impact assessment methods; (ii) Midpoint and endpoint 
impact assessment results using LCA-ReCiPe 2016; (iii) Mid-to-endpoint impact category analysis, 
i.e. to identify and compare the contribution of midpoint impact categories on endpoint level; (iv) 
Life-cycle contribution analysis for all LCIA methods; (v) Comparison of SOEC life cycle 
performance with other hydrogen production methods. 
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3.1 Resource-consumption life cycle impact assessment 
Exergy (CEENE) and emergy-oriented (SED) cradle-to-gate life-cycle resource indicators based on 
thermodynamics were used to quantify the impact on the environment through the extraction and/or 
consumption of natural resources for H2 production via SOEC with different electricity sources. The 
former characterizes the previous effort spent by the ecosphere (Figure 3) in generating resources, 
while the latter corresponds to the resources extracted from the ecosphere to be used in the 
technosphere in order to support the foreground system (Huysman et al., 2015; Liao et al., 2012). 
The results for each electricity pathway are presented in Figure 4 for SED and Figure 5 for CEENE. 
Numerical results and impact contribution to CEENE and SED per life-cycle phase are presented in 
Appendix A.  
The SED life cycle impact assessment shows that nuclear and wind-based electrolysis have the 
lowest (direct or indirect) energy requirements for 1 kg H2 product (7.65×10
6 
and 1.06×10
7 
MJse-
eq/kgH2, respectively). As it can be seen from Figure 4 the highest share of the total SED impact for 
all pathways is related to fossil fuel consumption followed by metals and minerals. The demand for 
metal ores and minerals is dominating the score of SED for wind and solar-powered electrolysis. 
However, hydrogen produced via the coal electricity uses higher fossil resources, thus having the 
highest SED footprint. The use of conventional fuels such as coal and natural gas in the electricity 
mix will likely raise the impacts of electricity supply since a larger amount of non-renewable 
resources along the production chain is needed. 
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Figure 4. Relative contribution of each resource group to solar energy demand (SED) per 1 kg 
H2 under different electricity pathways. 
 
Regarding resource based CEENE, the highest share of the total CEENE impact is related to fossil 
resources for five electricity pathways, followed by nuclear and renewable energy (Figure 5). The 
life cycle CEENE footprint ranges from 102.3 MJex-eq/kgH2 for solar to 668 MJex-eq/kgH2 for 
wind-powered electrolysis. Wind energy electrolysis has the highest total CEENE score; however, 
only 6.2% of that demand is related to non-renewable energy resources. For CEENE analysis 
renewable resources have a particular dominant contribution to the wind and hydro-powered 
electrolysis. Except for the abiotic renewable resource group, electrolysis with solar power has a 
higher resource footprint than wind-based electrolysis, due to the more intensive manufacturing 
processes of PV panels and the higher land footprint.  
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Figure 5. Relative contribution of each resource group to cumulative exergy extracted from 
the natural environment (CEENE) per 1 kg H2 under different electricity pathways. 
 
The resource-driven life cycle assessments show that non-renewable resources (in particular fossil 
resources) have a dominant contribution to all seven resource indicators. From the perspective of 
sustainability, the primary energy demand from non-renewable resources is more meaningful since 
it reflects the consumption of depleting natural energy resources and is greatly contributing to the 
global warming (Fischer et al., 2005; Liao et al., 2012). Overall, the resource consumption analysis 
shows that a sustainable hydrogen strategy needs more efficient and novel energy-saving processes 
and increasing the penetration of renewable power. It clearly shows the potential of resource 
conservation and the advantage of renewable power compared to conventional pathways. Similar 
conclusions were observed from Brown and Ulgiati (2002), who demonstrated quantitatively with a 
larger number of integrated indicators (e.g. Emergy Yield Ratio, Emergy Investment Ratio, 
Environmental Loading Ratio, Emergy Sustainability Index) that the so-called renewable energy 
sources (geothermal, hydroelectric, and wind plants) had higher sustainability compared to thermal 
plants (natural gas, oil, and coal). In the long-term, production systems with a high percentage of 
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renewable emergy are likely to be closer to sustainability and were able to survive economic 
stresses than systems using a high amount of non-renewable emergy (Brown and Ulgiati, 2004). 
 
3.2 LCA-ReCiPe 2016 life cycle impact assessment  
The LCA-ReCiPe 2016, a harmonized LCIA method, was used to generate a multi-impact 
environmental profile, i.e. a score list with different environmental impact categories (Table 2) that 
express the impact on the environment at midpoint and endpoint level. For the midpoint indicators, 
all electrolysis routes have advantages and drawbacks, and there is no single production route that 
results in an optimal environmental performance. Comparative LCA indicates that conventional 
energy technologies have significantly higher environmental impacts per unit of generation.  
Global warming potential (GWP) is the impact category analyzed by several studies. Italian grid 
produces hydrogen with a global warming potential (GWP) of 25.64 kg CO2-eq/kgH2. The highest 
GWP value is observed for coal-based electrolysis (43.95 kg CO2-eq/kgH2) being over 30 times 
higher than hydro, wind and nuclear-coupled HTE systems, which are characterized by the lowest 
GWP (respectively 0.72, 2.26 and 2.11 kg CO2-eq/kg H2). Patyk et al. (2013) highlight that nuclear-
powered HTE is slightly better than wind-powered HTE regarding GWP. To the contrary, Utgikar 
and Thiesen (2006) in their analysis found that renewable energy sources (wind and hydropower) 
have marginally lower impacts than nuclear-powered HTE. For GWP impact category, hydro or 
wind electrolysis were identified as the most environmental feasible hydrogen production 
technologies by Bhandari et al. (2014).  
Midpoint analysis indicates that using renewable or nuclear energy technologies, either separate 
from the grid, or as a growing portion of the grid mix, is a possible option to produce extremely low 
global warming potential. For non-renewable energy generation, environmental indicators strongly 
favor nuclear systems because of their higher energy density as well as higher capacity factors. 
However, this requires dynamic analysis of the whole system i.e. including environmental impacts 
associated with nuclear fuel management and decommissioning of nuclear waste (in this study the 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
19 
 
harnessing of nuclear energy for the production of H2 was limited to the generation of electricity for 
electrolysis). The inclusion of such impacts will provide a holistic environmental analysis and 
decide whether nuclear based ΗΤΕ is better than the other technologies. Ionizing radiation category 
was dominant under the nuclear pathway (Table 2) and is an important difference between nuclear 
and non-nuclear hydrogen production technologies (Bhandari et al., 2014; Giraldi et al., 2015). 
Wind and solar-based electrolysis will deliver a significant benefit in terms of ionizing radiation 
footprint (0.3 and 0.98 kBq Co60-eq/ kg H2) in comparison with nuclear-based electrolysis (44.73 
kBq Co60-eq/ kg H2). Exposures to ionizing radiation will likely cause an increased risk of cancer 
and severe hereditary effects, consequently leading to potential human health damage (Table 3). 
For solar PV based electrolysis GWP vary by over a factor of two in respect to wind and nuclear 
route (4.63 kg CO2-eq/kg H2). In addition, hydrogen production via electrolysis with solar power 
has marginally higher terrestrial ecotoxicity (TETP) and mineral scarcity (SOP) impact than other 
electricity routes due to the infrastructure chain and the second water consumption potential 
impacts. Wind and solar power have the highest impact in terms of mineral scarcity, which is 
mainly associated with the infrastructure chain. The LCA-ReCiPe 2016 analysis shows similar 
results and trends to those observed in the SED and CEENE analysis where solar-powered 
electrolysis has a higher environmental footprint compared to wind due to the more intensive 
manufacturing processes of PV modules. Predominantly, renewable technologies require higher 
initial investments in infrastructure than fossil-based power systems (Hertwich et al., 2015). 
Increasing resource efficiency and recyclability are the main strategies of sustainable technology 
development since the large-scale deployment of renewable energy is expected to cause increased 
demand for critical mineral resources (Viebahn et al., 2015). 
Biomass-based electrolysis scores a moderately higher GWP (14.36 kg CO2-eq/kg H2) than those 
for solar, hydro or wind electrolysis. The electrolysis with biomass energy has the highest 
stratospheric ozone depletion (ODP) impacts due to the nitrous oxide emissions connected with 
upstream processes, i.e. on-field biomass production and burning in biomass CHP systems. This 
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increased emission of ozone-depleting substances negatively affecting human health (Table 3). At a 
global scale, ODP represents the second main contributor to damage to human health. 
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Table 2. Midpoint and endpoint environmental performance indicators of HTE-SOEC hydrogen production (data referred to 1 kg H2). 
Impact 
Category 
a
 
Unit 
Electricity source 
ITALIAN 
GRID 
COAL NATURAL GAS NUCLEAR WIND SOLAR BIOMASS HYDRO 
Midpoint environmental impact categories 
GWP kg CO2-eq 25.64 43.95 28.93 2.11 2.26 4.63 14.36 0.72 
ODP kg CFC11-eq 1.19×10
-5
 1.23×10
-5
 1.02×10
-5
 1.05×10
-6
 7.79×10
-7
 2.21×10
-6
 3.80×10
-5
 2.61×10
-7
 
IRP kBq Co60-eq 3.92 0.96 0.28 44.73 0.30 0.98 1.76 0.25 
HOFP kg NOx-eq 0.0501 0.1201 0.0369 0.0029 0.0026 0.0080 0.0124 0.0015 
PMFP kg PM2.5-eq 0.0256 0.0643 0.0050 0.0020 0.0016 0.0042 0.0050 0.0010 
EOFP kg NOx-eq 0.0511 0.1209 0.0384 0.0032 0.0029 0.0085 0.0129 0.0017 
TAP kg SO2-eq 0.0955 0.2309 0.0274 0.0045 0.0044 0.0135 0.0297 0.0025 
FEP kg P-eq 0.00601 0,02995 0,00050 0,00052 0,00065 0,00268 0,00095 0,00040 
TETP kg 1.4DCB-eq 0.0091 0.0040 0.0010 0.0037 0.0017 0.0211 0.0026 0.0006 
FETP kg 1.4DCB-eq 0.214 0.877 0.031 0.060 0.058 0.284 0.129 0.024 
METP kg 1.4DCB-eq 0.32 1.22 0.05 0.09 0.08 0.43 0.18 0.04 
HTPc kg 1.4DCB-eq 0.89 2.23 0.54 0.52 0.60 0.71 0.60 0.46 
HTPnc kg 1.4DCB-eq 222.01 906.17 26.50 49.00 52.99 338.01 94.08 19.15 
LOP m
2
 × y crop-eq 0.083 0.424 0.014 0.016 0.033 0.053 0.037 0.009 
SOP kg Cu-eq 0.030 0.026 0.022 0.048 0.067 0.076 0.031 0.022 
FFP kg oil-eq 7.59 10.65 10.41 0.70 0.75 1.39 1.77 0.18 
WCP m
3
 171.07 25.82 16.73 17.46 19.39 71.79 35.31 716.33 
Endpoint environmental impact categories 
HH DALY 3.40×10
-4
 1.46×10
-4
 6.30×10
-5
 3.83×10
-5
 4.24×10
-5
 1.65×10
-4
 9.14×10
-5
 1.53×10
-3
 
EQ Species × y 1.89×10
-6
 5.24×10
-7
 2.83×10
-7
 2.09×10
-7
 2.35×10
-7
 9.55×10
-7
 4.91×10
-7
 9.29×10
-6
 
RA $ 2.767 1.291 3.707 0.236 0.248 0.441 0.61 0.215 
a 
Global warming potential (GWP); Stratospheric ozone depletion (ODP); Ionizing radiation (IRP); Photochemical oxidant formation: human health (HOFP); Photochemical 
oxidant formation: ecosystem quality (EOFP); Human toxicity potential: cancer (HTPc); Human toxicity potential: non-cancer (HTPnc); Terrestrial ecotoxicity (TETP); 
Freshwater ecotoxicity (FETP); Marine ecotoxicity (METP); Freshwater eutrophication potential (FEP); Fine particulate matter formation (PMFP); Terrestrial acidification (TAP 
100); Land use (LOP); Water consumption potential (WCP); Mineral resource scarcity (SOP); Fossil resource scarcity (FFP); Human health (HH); Ecosystem quality (EQ); 
Resource scarcity (RA);  
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Hydropower is intrinsically a cleaner power generation route, however, has the highest absolute 
value of water consumption potential (WCP). The environmental impacts of hydro-powered 
electrolysis will mainly depend on hydropower facilities data sets. Hydropower with no storage of 
water (as considered in this study) tends to be the most attractive and the water is still available for 
agricultural purposes after the electricity is generated (Varun et al., 2009). The water consumption 
is crucial for hydrogen production pathways, gaining additional importance in the LCA, because of 
the cause-and-effect chain of water consumption, and leading to greater impacts on human health 
and ecosystem quality (both terrestrial and freshwater quality) of high water-demanding supply 
chains. Consequently, regarding the endpoint categories, (Table 2) electrolysis with hydropower 
electricity supply has the highest impact on human health and ecosystem quality, but the lowest to 
resource scarcity. Accordingly, calculation of performance at both midpoint and endpoint levels 
gives good insight into the expected environmental effects and complement the conclusions of a 
study given the trade-offs between different environmental impact categories. Apart from WCP, the 
hydropower powered electrolysis has negative effects on terrestrial ecosystems (EOFP) and 
freshwater eutrophication (FEP) since high land-use requirements are associated with hydropower 
reservoirs (Hertwich et al., 2015), while toxicity related impacts are due to the construction of the 
hydropower plant (Hanafi and Riman, 2015). Hydropower environmental impacts may be higher 
than those of some fossil fuel sources during the first years after reservoir creation, typically due to 
the production and construction of the technology and/or its supporting infrastructure (Steinhurst et 
al., 2012). In addition, the ability of hydropower to contribute to climate change mitigation is 
sometimes questioned, knowing that greenhouse gas emissions resulting from the degradation of 
biogenic carbon in hydropower reservoirs are ignored or poorly understood, possibly leading to a 
bias in technology comparisons (Hertwich, 2013). 
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3.3 Mid-to-endpoint analysis 
The LCA-ReCiPe 2016 endpoint indicators (Appendix A) have been calculated to also highlight the 
contribution of each midpoint indicators to the three endpoint indicators and the overall 
environmental sustainability (Table 3). The midpoint to endpoint analysis guides decision makers to 
select relevant midpoint categories for further examination. Generally speaking, modeling the 
cause-effect chain to the damages are associated with high uncertainty. The contribution of mid-to-
endpoint analysis indicates that the water consumption, global warming, particulate matter 
formation, and fossil fuel depletion was the most important impact categories. The analysis shows 
that for the conventional electricity generation pathways, such as coal and natural gas, the GWP is 
greatly affecting the damage to human health (~28 and 43%, respectively), indicating that the 
magnitude of endpoint impacts of these pathways mainly depends on fuel supply and consumption, 
process efficiency, and the corresponding type and quantity of emissions (i.e. CO2, CH4, and N2O) 
in each stage. For the other electricity pathways, the numerical results of this study show that water 
consumption potential dominated the impact on the human health and ecosystem quality impact 
categories. The use of renewable energy sources leads to an increased importance of the water 
consumption impact since renewable energy sources usually have low global warming, particulate 
matter formation, and ozone depletion potential. The extraction of 1 m
3 
of water has a higher impact 
than the GWP of 1 kg of CO2in human health when converted from midpoint to endpoint (2.22E-
0.6 DALY/m
3 
consumed vs. 9.28E-07 DALY/kgCO2-eq). The same applies also to the terrestrial 
and aquatic ecosystems impact categories. The water consumption rate and location play a 
fundamental role in endpoint LCA environmental impact categories since the effects of water 
consumption will have a very high impact in water-scarce areas (Huijbregts et al., 2017). Hence, 
environmental damage due to water consumption, in addition to other impact categories shall be 
used in future LCA studies of electrolysis to map the influence of life-cycle stages on the 
environment. 
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Table 3. Weighted contribution of midpoint categories on the endpoint level for each electricity 
pathway. 
Midpoint categories GRID COAL NG NUCLEAR WIND SOLAR BIOMASS HYDRO 
Human Health (DALY) 
GWP 7.75% 27.94% 42.62% 4.87% 4.72% 2.55% 14.52% 0.11% 
ODP 0.00% 0.00% 0.01% 0.00% 0.00% 0.00% 0.02% 0.00% 
IRP 0.00% 0.01% 0.00% 1.00% 0.01% 0.00% 0.02% 0.00% 
HOFP 0.01% 0.07% 0.05% 0.01% 0.01% 0.00% 0.01% 0.00% 
PMPF 4.90% 27.64% 4.84% 3.09% 2.19% 1.53% 3.31% 0.04% 
HTPc 0.78% 4.92% 2.46% 3.91% 4.13% 1.28% 1.92% 0.09% 
HTPnc 0.40% 4.12% 0.24% 0.80% 0.78% 1.35% 0.66% 0.01% 
WCP 86.15% 35.30% 49.77% 86.33% 88.16% 93.28% 79.54% 99.75% 
Ecosystems [Species × y] 
GWP 4.2% 23.5% 28.7% 2.7% 2.6% 1.3% 8.1% 0.1% 
EOFP 0.4% 3.0% 1.7% 0.2% 0.1% 0.1% 0.3% 0.0% 
TAP 1.1% 9.3% 2.0% 0.4% 0.4% 0.3% 1.3% 0.0% 
FEP 0.2% 3.5% 0.1% 0.1% 0.2% 0.2% 0.1% 0.0% 
TETP 0.0272% 0.0398% 0.0164% 0.0923% 0.0374% 0.1186% 0.0268% 0.0003% 
FETP 0.0071% 0.1156% 0.0066% 0.0185% 0.0158% 0.0203% 0.0176% 0.0002% 
METP 0.0017% 0.0245% 0.0017% 0.0042% 0.0035% 0.0046% 0.0037% 0.0000% 
LOP 0.0% 0.7% 0.0% 0.1% 0.1% 0.0% 0.1% 0.0% 
WCP 94.0% 59.8% 67.4% 96.4% 96.6% 97.9% 90.0% 99.9% 
Resources [$] 
SOP 0.2% 0.4% 0.1% 4.5% 6.1% 3.9% 1.1% 2.1% 
FFP 99.8% 99.6% 99.9% 95.5% 93.9% 96.1% 98.9% 97.9% 
a
Global warming potential (GWP); Stratospheric ozone depletion (ODP); Ionizing radiation (IRP); Photochemical 
oxidant formation: human health (HOFP); Photochemical oxidant formation: ecosystem quality (EOFP); Human 
toxicity potential: cancer (HTPc); Human toxicity potential: non-cancer (HTPnc); Terrestrial ecotoxicity (TETP); 
Freshwater ecotoxicity (FETP); Marine ecotoxicity (METP); Freshwater eutrophication potential (FEP); Fine 
particulate matter formation (PMFP); Terrestrial acidification (TAP); Land use (LOP); Water consumption potential 
(WCP); Mineral resource scarcity (SOP); Fossil resource scarcity (FFP); 
 
3.4 Life-cycle stage contribution analysis 
To understand the influence of different phases of the supply chain, the life cycle contribution 
profile was generated for environmental impact categories, as presented in Appendix A. The results 
show that environmental impacts associated with hydrogen production via SOEC under different 
electricity pathways are mainly caused by the electricity supply, although manufacturing of SOEC 
plant significantly contributes to specific resource and environmental impact categories. For 
upstream impacts (CEENE and SED) electricity supply dominated fossil resource use across the life 
cycle, followed by nuclear. The manufacturing stage is responsible for 8 to 45% of total SED 
impacts, where the metal depletion and minerals are the main concern that can be associated with 
the manufacturing. The same applies to CEENE, however, the environmental impacts associated 
with SOEC manufacturing showed a minor contribution, inducing not more than 10% of total 
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CEENE per kg of H2 produced. Compared with other energy and exergy-based indicators, SED 
assigns higher impact factors to minerals and metals and smaller impact factors to fossil energy 
resources, land use, and nuclear energy (Rugani et al., 2011). In the manufacturing stage, the 
highest impact comes from stack because the lifetime is too short (five years considered in this 
study) and results in higher material expenditure and thereby resource depletion and environmental 
burdens. In the domain of Solid Oxide Electrolysis (SOE) and Solid Oxide Fuel Cells (SOFC) main 
impacts of manufacturing are due to industrial stack production (Lee et al., 2015; Rillo et al., 2017). 
Electricity, chromium, and steel are the most impacting inputs among all (Appendix A). Electricity 
and steel components are identified by many studies (Staffell et al., 2012; Häfele et al., 2016; 
Mehmeti et al., 2017) as the main important driver of the environmental burdens of the 
manufacturing phase. Thus, for emergy-oriented LCA indicators, the optimization of materials used 
in manufacturing is the key factor for improving the overall resource use efficiency, while the 
electricity input and its production chain can be seen as key factors for improving exergy-based 
LCA indicators because electricity accounts for nearly all the CEENE input. 
For LCA-ReCiPe 2016 midpoint indicators, SOEC manufacturing has a high environmental impact, 
especially in terms of toxicity related indicators (marine, terrestrial and freshwater), mineral 
resource scarcity (SOP) and water consumption (WCP). Giraldi et al. (2015) highlighted that 
manufacturing of SOEC was particularly relevant for global warming, metal depletion, and ozone 
depletion impact categories. Manufacturing phase becomes more relevant when renewable energy 
sources are used. Given the short lifespan of a SOEC, the environmental burdens are large when 
amortized over the hydrogen produced throughout its lifetime. Hence, from an environmental 
perspective, emphasis should be on reducing degradation and expanding cell lifetime. Häfele et al. 
(2016) highlight that only improving cell performance could lower impacts already by 10 to 20%. 
Further relative reductions of the overall environmental impact can be achieved in the 
manufacturing and disposal phases, by either reducing the energy inputs and waste streams of these 
processes or combining conventional energy sources with low environmental impact sources. Lee et 
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al. (2015) demonstrating that using different electricity mixes in the modelling of manufacture of 
SOFC systems (the same module is used also for SOEC) has substantial effects on the LCA results 
where impacts vary in the range from 32% to 170%, depending on the energy mix used for 
electricity generation. 
Still, for endpoint indicators, the main hotspot identified by contribution analysis for 5 out of 8 
hydrogen production pathways (as illustrated in Appendix A) is the electricity supply. In high-
temperature electrolysis with SOEC, a fraction of energy is supplied as heat, affecting global 
warming, photochemical oxidant formation (both human health and ecosystem) and damage to 
resource availability, since natural gas is used to provide process heat in the reference case. Hence, 
the electrolyzer operating mode (thermal-neutral to below thermal-neutral) will determine the 
magnitude of these environmental impacts, the efficiency of hydrogen production and system 
economic effects (Harvego et al., 2012). Shifting from combined natural gas and electric to an all-
electric hydrogen production plant will be associated with the increased electricity usage which in 
turn should rely on clean energy sources to guarantee a good environmental performance. 
 
3.5 Comparison of environmental impact metrics 
A comparison of SOEC performance for midpoints and the three indicative endpoint indicators is 
presented in Figure 6. Hydrogen production has so far been dominated by fuel-based systems such 
as coal gasification (CG) or steam methane reforming (SMR). The GWP of SMR varies from 8.9 to 
12.9 kg CO2-eq/kg H2 (Spath and Mann, 2001; Cetinkaya et al., 2012b; Bhandari et al., 2014), 
which is still lower than SOEC under conventional energy supply (25.64 kg CO2-eq/kg H2 from 
Italian grid). The GWP of CG hydrogen production is reported from 11.82 to 20.39 kg CO2-eq/kg 
H2 (ANL, 2012; Cetinkaya et al., 2012). Susmozas et al. (2015) analyzed H2 production via steam 
reforming glycerol and bio-oil reporting a GWP of 12.65 and 3.79 kg CO2-eq/kg H2, respectively. 
Environmental impacts from the non-fossil H2 pathways (i.e. biomass-based systems) tend to be 
lower than fossil-based systems. However, the impacts will depend on the type, quality, and origin 
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of feedstock. The final results from different studies and the ranking of the methods are affected by 
assumptions regarding the technical aspects and the methodological decisions such as the difference 
in scope and the reliability of data sources (Valente et al., 2016). 
 
 
Figure 6. Comparison of SOEC performance with other hydrogen production methods. BMG:  
 (Data for other technologies retrieved from Mehmeti et al. (2018)). SOEC: Solid oxide 
electrolysis cells; SMR: Steam methane reforming; CG: Coal gasification; Biomass 
Gasification; BDL: Biomass Reformation; E-PEM: Electrolysis with Proton exchange 
membrane (PEM): DF-MEC: Dark fermentation + microbial electrolysis cell (MEC) without 
energy recovery 
 
It should be noted that there is no system that results in perfect environmental performance and the 
choice of a hydrogen production system will mainly depend on the local conditions and availability 
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and type of energy sources. In fossil fuel-based systems, the environmental impacts associated with 
hydrogen production are due to the consumption of coal or natural gas as a feedstock, whereas 
electrolysis mainly limited to the electricity supply (Simons and Bauer, 2011; Bhandari et al., 2014; 
Mehmeti et al., 2018). Therefore, the source of electricity that makes up a country’s grid mix 
(mainly in grid-based electrolysis) will determine the advantages and drawbacks of SOEC way with 
respect to its competitors. To study the performance of SOEC we further examined the LCA-based 
impacts of grid electricity H2 production in different European countries (Table 4). The life cycle 
environmental impacts of electrolytic hydrogen production show big differences between countries 
analyzed because of large differences in the power generation method used. For example, GWP 
range from 3.31 kg CO2-eq/kg H2 in Norway mainly using hydro-power-plants to 48.24 kg CO2-
eq/kg H2 in Poland which uses coal as its main energy source. The ionizing radiation potential is the 
highest in France and Switzerland which have a great share of nuclear technology for electricity 
generation. The eutrophication potential is the highest in Germany while land use in Finland. In 
terms of damages to human health and ecosystem, the highest impacts are observed in Sweden due 
to highest the water consumption potential, while damages to resource availability in Nederland’s 
and Poland due to highest demand for fossil resources (oil, coal, and gas).  
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Table 4. Country-level ReCiPe2016 life cycle impacts for grid-based electrolysis based on SOEC (data referred to 1 kg H2). 
Impact category Unit 
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GWP kg CO2-eq 25.64 7.18 28.85 25.81 20.51 5.66 29.62 3.31 48.24 5.44 
ODP kg CFC11-eq 1.19×10
-5
 4.77×10
-6
 1.18×10
-5
 1.39×10
-5
 1.09×10
-5
 3.93×10
-6
 1.19×10
-5
 3.57×10
-6
 6.88×10
-6
 5.06×10
-6
 
IRP kBq Co60-eq 3.92 24.97 12.53 3.18 12.19 38.60 4.40 2.37 1.28 21.73 
HOFP kg NOx-eq 0.0501 0.011 0.025 0.030 0.032 0.012 0.037 0.004 0.074 0.011 
PMFP kg PM2.5-eq 0.0256 0.0073 0.0092 0.0161 0.0215 0.0064 0.0082 0.0025 0.0673 0.0078 
EOFP kg NOx-eq 0.0113 0.0256 0.0304 0.0328 0.0119 0.0377 0.0046 0.0749 0.07 0.0113 
TAP kg SO2-eq 0.0225 0.0321 0.0504 0.0475 0.0203 0.0333 0.0063 0.2200 0.22 0.0225 
FEP kg P-eq 0.0049 0.0329 0.0072 0.0078 0.0022 0.0113 0.0008 0.0491 0.05 0.0049 
TETP kg 1.4DCB-eq 0.0057 0.0052 0.0055 0.0065 0.0064 0.0046 0.0035 0.0094 0.00937 0.0057 
FETP kg 1.4DCB-eq 0.214 0.18 0.84 0.27 0.28 0.13 0.35 0.06 1.39 0.11 
METP kg 1.4DCB-eq 0.32 0.26 1.16 0.39 0.41 0.19 0.52 0.09 1.92 0.17 
HTPc kg 1.4DCB-eq 0.89 0.79 2.07 0.99 1.00 0.67 1.12 0.55 3.52 0.64 
HTPnc kg 1.4DCB-eq 222.01 180.63 839.94 292.63 315.95 128.14 358.96 68.12 1316.50 127.20 
LOP m
2
 × y crop-eq 0.083 0.05 0.18 0.36 0.52 0.05 0.18 0.05 0.42 0.21 
SOP kg Cu-eq 0.030 0.041 0.035 0.034 0.033 0.049 0.028 0.029 0.027 0.039 
FFP kg oil-eq 7.59 2.04 7.16 6.94 5.30 1.55 9.04 0.97 11.87 1.47 
WCP m
3
 171.07 330.80 99.56 77.57 143.00 190.89 31.11 103.78 58.86 587.67 
HH DALY 3.40×10
-4
 7.44×10
-4
 2.60×10
-4
 2.06×10
-4
 3.50×10
-4
 4.30×10
-4
 1.02×10
-4
 2.31×10
-4
 2.32×10
-4
 1.31×10
-3
 
EQ Species × y 1.89×10
-6
 4.46×10
-6
 1.42×10
-6
 1.11×10
-6
 1.98×10
-6
 2.57×10
-6
 4.89×10
-7
 1.38×10
-6
 9.87×10
-7
 7.92×10
-6
 
RA $ 2.767 0.50 0.91 1.39 0.91 0.43 2.46 0.28 1.02 0.37 
a 
Global warming potential (GWP); Stratospheric ozone depletion (ODP); Ionizing radiation (IRP); Photochemical oxidant formation: human health (HOFP); Photochemical 
oxidant formation: ecosystem quality (EOFP); Human toxicity potential: cancer (HTPc); Human toxicity potential: non-cancer (HTPnc); Terrestrial ecotoxicity (TETP); Freshwater 
ecotoxicity (FETP); Marine ecotoxicity (METP); Freshwater eutrophication potential (FEP); Fine particulate matter formation (PMFP); Terrestrial acidification (TAP 100); Land 
use (LOP); Water consumption potential (WCP); Mineral resource scarcity (SOP); Fossil resource scarcity (FFP); Human health (HH); Ecosystem quality (EQ); Resource scarcity 
(RA);  
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The LCA results in this study suggest that a high share of wind energy, solar energy, and 
hydropower would lead to lower environmental impacts than a system with a high share of fossil-
based energy. This confirms the key finding of other studies (e.g. Cetinkaya et al., 2012a; Acar and 
Dincer, 2014; Bhandari et al., 2014) that using wind-turbine or solar-generated electricity to 
electrolyze water has arguably a large potential for producing H2 with little pollution. As shown, in 
the case of hydropower electricity pathway, the contribution of freshwater depletion is critical, 
although it is the route which exhibited the lowest resource scarcity rate. Still, due to intermittent 
nature of renewable power system, battery banks or electricity purchased from the grid become 
necessary for a 24/7 operation of SOECs, hence increasing the overall environmental impact of the 
hydrogen produced. On the other hand, there is a fundamental attractiveness about implementing 
such a technology that will allow the broad penetration of renewable electricity (H2 via electrolysis 
could be done as and when surplus capacity exists within the electricity network) into the European 
energy system to provide an uninterrupted supply of electricity. Using excess grid energy or 
curtailed power generated by renewable energy systems to produce hydrogen that can be used as a 
fuel in fuel cell mode or stored for a later time is an attractive solution for such technologies. In 
such a case material problems due to load changes must be solved to fit with intermittent renewable 
energy generated electricity (Bhandari et al., 2014). The low electricity demand is the most 
significant advantage of SOEC systems in respect to other electrolytic technologies. System power 
consumption of hydrogen generation via SOEC requires 41.2 kWh/kgH2 (Sunfire, 2016), compared 
to 50 – 91.2 kWh/kgH2 and 50-83.4 kWh/kgH2 reported for alkaline electrolysis and polymer 
electrolyte membranes electrolysis (Götz et al., 2016), respectively, leading to a minimum of about 
9 kWh. Based on the typical impacts of the Italian grid mix, a reduction of 18% in the GWP 
impacts could be achieved for 1 kgH2 produced. 
As a final note, it is clear that the environmental performance of hydrogen production will depend 
on the life cycle inventory and the impact assessment method, production option (central in large 
plants or forecourt in distributed production facilities), size, availability of renewable energy at the 
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local scale (solar and wind energy) and lifetime endurance of components. The interest recently 
shifted from centralized production to distributed generation, to be compatible with forecourt plant 
designs, whereas large-scale hydrogen production will continue to be based on conventional fuels, 
preferred from the economic point of view. In any case, because of their larger size and associated 
economies of scale, larger systems will perform better than smaller systems both from an 
environmental and an economic point of view. Electrolytic methods are found to be less attractive 
when production costs are considered (Acar and Dincer, 2014), thus, a comprehensive framework 
for assessing economic, social and environmental aspects of hydrogen energy systems are needed to 
facilitate decision-making in the hydrogen energy sector. 
4. Conclusions 
A spectrum of life cycle impact methods capturing both upstream and downstream life-cycle 
activities was used to provide a reference for the environmental impacts of hydrogen production 
through high-temperature electrolysis via Solid Oxide Electrolysis Cell (SOEC) technology. The 
study reported life-cycle performance using eight different electricity sources, starting with the 
evaluation of resource consumption, using thermodynamic-based resource accounting methods, and 
the environmental performance of emissions and resource extraction using midpoint (problem-
oriented) and endpoint (damage-oriented) indicators, estimated with LCA-ReCiPe 2016. From a 
life-cycle perspective, the environmental and energy performance of hydrogen via SOEC is highly 
dependent on the operation stage, i.e. on the electricity supply source. The quantified results show 
that there is no ‘‘optimal ‘electricity source for all environmental impacts and that the renewable 
oriented energy mix, providing electricity to the water electrolyzer, is crucial to secure an 
environmental advantage versus competitors. Along with resource conservation, hydrogen from 
renewable power demonstrates its potential to mitigate life-cycle emissions by capping/interrupting 
the fluctuating renewable electricity. Nevertheless, it should be noted that the ranking of electricity 
pathways strongly depends on the assumptions made in each study and several issues such 
intermittency or the LCA approach chosen (midpoint vs. endpoint) need to be considered when 
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drawing final conclusions. The results of the LCA methods separately might be contradictory; 
hence, a better-informed overview could be provided to the decision makers by using a systematic 
combining approach. 
The results accentuate that, apart from global warming, use of water consumption as an indicator is 
of a paramount importance for improved decision-making processes towards exploring additional 
valuable insights, especially for local or regional hydrogen projects. In the manufacturing stage, 
penalties arise in environmental impacts such as toxicity, eutrophication, and metal resource 
depletion. The short lifetime of stack raises the energy usage and equipment environmental cost 
considerably and makes it the most important contribution to the overall manufacturing impact. 
Hence, the environmental performance of SOEC is reduced by increasing the energy efficiency and 
ratios of upstream processes in the production chain. In this context, also research and technological 
efforts are mainly required towards improved efficiency, durability and minimum environmental 
adverse effects in manufacturing. Our assessment is affected by great uncertainty in the 
manufacturing stage; hence, more detailed data collection, with focus on obtaining information 
from manufacturers and facilities, will significantly increase the representativeness and the accuracy 
of the final results. 
This work contributed to a widening of environmental assessment methodology progressing beyond 
the state-of-the-art, thereby making it more useful in guiding strategic technology choices and 
providing the scientific and industrial community with a reference on environmental sustainability 
aspects of Solid Oxide Electrolysis Cells (SOEC). In the future studies, the system boundaries of 
ecological life cycle assessment should be extended, capturing all stages (from cradle-to-grave) 
which include the use of hydrogen produced, as well as capturing dynamics of renewable power 
generation systems and the lifetime of SOEC systems under different conditions. Moreover, future 
research should be oriented towards life cycle sustainability assessment by taking into account the 
full spectrum of impacts (environmental, economic, and social) to clarify the trade-offs between the 
three sustainability pillars. 
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Figure 4. Relative contribution of each resource group to solar energy demand (SED) per 1 kg H2 under 
different electricity pathways. 
 
Figure 5. Relative contribution of each resource group to cumulative exergy extracted from the natural 
environment (CEENE) per 1 kg H2 under different electricity pathways. 
 
Figure 6. Comparison of SOEC performance with other hydrogen production methods (Data for other 
technologies retrieved from Mehmeti et al. (2018)). SOEC: Solid oxide electrolysis cells; SMR: Steam 
methane reforming; CG: Coal gasification; Biomass Gasification; BDL: Biomass Reformation; E-PEM: 
Electrolysis with Proton exchange membrane (PEM): DF-MEC: Dark fermentation + microbial 
electrolysis cell (MEC) without energy recovery 
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Table captions
Table 1. Input-output flows for production of 1 kg of hydrogen with high-temperature solid oxide 
electrolysis (SOEC). 
Unit of product Material Data input  Unit 
Operation 
Deionized water 10.84 kg 
Electricity supply 
a
 40.3 kWh 
Heat, Natural gas, at boiler modulating 5.24 kWh 
Products/Services Hydrogen, at SOEC plant 1 kg 
By-Product  Oxygen, at SOEC plant 7.8 kg 
Stack  
Yttria stabilized zirconia (YSZ) 4.41×10
-4
 kg 
Lanthanum Strontium Manganite (LSM) 2.64×10
-4
 kg 
Nickel Oxide (Nickel, 99.5%, at plant) 2.22×10
-4
 kg 
Ethanol, at plant/RER 6.49×10
-4
 kg 
Polyethyleneglycol, at plant/RER 1.30×10
-4
 kg 
1-butanol, propylene hydroformylation, at plant/RER 7.35×10
-5
 kg 
Phthalic anhydride, at plant/RER 7.35×10
-5
 kg 
Chromium, at regional storage/RER 8.10×10
-3
 kg 
Chromium steel 18/8, at plant/RER 4.68×10
-3
 kg 
Sheet rolling, chromium steel/RER 4.68×10
-3
 kg 
Electricity, medium voltage, production UCTE, at grid 1.90×10
-4
 MWh 
Alumina-silica insulation material 1.30×10
-3
 kg 
Transport, all modes b 3.19×10
-3
 tkm 
BoP 
Reinforcing Steel, at plant/RER 1.32×10
-4
 kg 
Sheet rolling, steel/RER 1.32×10
-4
 kg 
Chromium, at regional storage/RER 5.39×10
-4
 kg 
Aluminium, at plant/RER 5.82×10
-5
 kg 
Copper, at regional storage/RER 2.81×10
-4
 kg 
Electricity, medium voltage, production UCTE, at grid 1.15×10
-6
 MWh 
Transport, all modes b 2.02×10
-4
 tkm 
Heating, sanitary equipment Cogen unit 160kWe/RER 1.17×10
-6
 MJ 
Construction work, Cogen unit 160kWe/RER 5.46×10
-6
 unit 
Light fuel oil, boiler 100kW, non-modulating/RER 1.30×10
-2
 MJ 
Building, multi-storey/RER 4.90×10
-6
 m³ 
Building, hall, steel construction/CH 8.07×10
-7
 m² 
a 
Lifecycle unit processes linked to the Ecoinvent: Grid - Electricity, medium voltage, at grid/IT; Nuclear - Electricity, 
nuclear, at power plant/UCTE; Wind power - Electricity, at wind power plant/RER; Natural gas, high pressure, at 
consumer/RER; Solar power - electricity, production mix photovoltaic, at plant/IT; Electricity, hydropower, at power 
plant/IT; Electricity, hard coal, at power plant/IT; Water, deionized, at plant/CH; 
b 
A distance of 200 km was considered for all transportation systems: i) Transoceanic freight ship; ii) Freight, rail; iii) 
lorry >16t, fleet average; iv) Lorry 3.5-16t, fleet average; v) Passenger car; vi) Barge 
 
Table 1
  
Table 2. Midpoint and endpoint environmental performance indicators of HTE-SOEC hydrogen production (data referred to 1 kg H2). 
Impact 
Category 
a
 
Unit 
Electricity source 
ITALIAN 
GRID 
COAL NATURAL GAS NUCLEAR WIND SOLAR BIOMASS HYDRO 
Midpoint environmental impact categories 
GWP kg CO2-eq 25.64 43.95 28.93 2.11 2.26 4.63 14.36 0.72 
ODP kg CFC11-eq 1.19×10
-5
 1.23×10
-5
 1.02×10
-5
 1.05×10
-6
 7.79×10
-7
 2.21×10
-6
 3.80×10
-5
 2.61×10
-7
 
IRP kBq Co60-eq 3.92 0.96 0.28 44.73 0.30 0.98 1.76 0.25 
HOFP kg NOx-eq 0.0501 0.1201 0.0369 0.0029 0.0026 0.0080 0.0124 0.0015 
PMFP kg PM2.5-eq 0.0256 0.0643 0.0050 0.0020 0.0016 0.0042 0.0050 0.0010 
EOFP kg NOx-eq 0.0511 0.1209 0.0384 0.0032 0.0029 0.0085 0.0129 0.0017 
TAP kg SO2-eq 0.0955 0.2309 0.0274 0.0045 0.0044 0.0135 0.0297 0.0025 
FEP kg P-eq 0.00601 0,02995 0,00050 0,00052 0,00065 0,00268 0,00095 0,00040 
TETP kg 1.4DCB-eq 0.0091 0.0040 0.0010 0.0037 0.0017 0.0211 0.0026 0.0006 
FETP kg 1.4DCB-eq 0.214 0.877 0.031 0.060 0.058 0.284 0.129 0.024 
METP kg 1.4DCB-eq 0.32 1.22 0.05 0.09 0.08 0.43 0.18 0.04 
HTPc kg 1.4DCB-eq 0.89 2.23 0.54 0.52 0.60 0.71 0.60 0.46 
HTPnc kg 1.4DCB-eq 222.01 906.17 26.50 49.00 52.99 338.01 94.08 19.15 
LOP m
2
 × y crop-eq 0.083 0.424 0.014 0.016 0.033 0.053 0.037 0.009 
SOP kg Cu-eq 0.030 0.026 0.022 0.048 0.067 0.076 0.031 0.022 
FFP kg oil-eq 7.59 10.65 10.41 0.70 0.75 1.39 1.77 0.18 
WCP m
3
 171.07 25.82 16.73 17.46 19.39 71.79 35.31 716.33 
Endpoint environmental impact categories 
HH DALY 3.40×10
-4
 1.46×10
-4
 6.30×10
-5
 3.83×10
-5
 4.24×10
-5
 1.65×10
-4
 9.14×10
-5
 1.53×10
-3
 
EQ Species × y 1.89×10
-6
 5.24×10
-7
 2.83×10
-7
 2.09×10
-7
 2.35×10
-7
 9.55×10
-7
 4.91×10
-7
 9.29×10
-6
 
RA $ 2.767 1.291 3.707 0.236 0.248 0.441 0.61 0.215 
a 
Global warming potential (GWP); Stratospheric ozone depletion (ODP); Ionizing radiation (IRP); Photochemical oxidant formation: human health (HOFP); Photochemical 
oxidant formation: ecosystem quality (EOFP); Human toxicity potential: cancer (HTPc); Human toxicity potential: non-cancer (HTPnc); Terrestrial ecotoxicity (TETP); Freshwater 
ecotoxicity (FETP); Marine ecotoxicity (METP); Freshwater eutrophication potential (FEP); Fine particulate matter formation (PMFP); Terrestrial acidification (TAP 100); Land 
use (LOP); Water consumption potential (WCP); Mineral resource scarcity (SOP); Fossil resource scarcity (FFP); Human health (HH); Ecosystem quality (EQ); Resource scarcity 
(RA);  
 
Table 2
1 
 
Table 3. Weighted contribution of midpoint categories on the endpoint level for each 
electricity pathway. 
Midpoint categories GRID COAL NG NUCLEAR WIND SOLAR BIOMASS HYDRO 
Human Health (DALY) 
GWP 7.75% 27.94% 42.62% 4.87% 4.72% 2.55% 14.52% 0.11% 
ODP 0.00% 0.00% 0.01% 0.00% 0.00% 0.00% 0.02% 0.00% 
IRP 0.00% 0.01% 0.00% 1.00% 0.01% 0.00% 0.02% 0.00% 
HOFP 0.01% 0.07% 0.05% 0.01% 0.01% 0.00% 0.01% 0.00% 
PMPF 4.90% 27.64% 4.84% 3.09% 2.19% 1.53% 3.31% 0.04% 
HTPc 0.78% 4.92% 2.46% 3.91% 4.13% 1.28% 1.92% 0.09% 
HTPnc 0.40% 4.12% 0.24% 0.80% 0.78% 1.35% 0.66% 0.01% 
WCP 86.15% 35.30% 49.77% 86.33% 88.16% 93.28% 79.54% 99.75% 
Ecosystems [Species × y] 
GWP 4.2% 23.5% 28.7% 2.7% 2.6% 1.3% 8.1% 0.1% 
EOFP 0.4% 3.0% 1.7% 0.2% 0.1% 0.1% 0.3% 0.0% 
TAP 1.1% 9.3% 2.0% 0.4% 0.4% 0.3% 1.3% 0.0% 
FEP 0.2% 3.5% 0.1% 0.1% 0.2% 0.2% 0.1% 0.0% 
TETP 0.0272% 0.0398% 0.0164% 0.0923% 0.0374% 0.1186% 0.0268% 0.0003% 
FETP 0.0071% 0.1156% 0.0066% 0.0185% 0.0158% 0.0203% 0.0176% 0.0002% 
METP 0.0017% 0.0245% 0.0017% 0.0042% 0.0035% 0.0046% 0.0037% 0.0000% 
LOP 0.0% 0.7% 0.0% 0.1% 0.1% 0.0% 0.1% 0.0% 
WCP 94.0% 59.8% 67.4% 96.4% 96.6% 97.9% 90.0% 99.9% 
Resources [$] 
SOP 0.2% 0.4% 0.1% 4.5% 6.1% 3.9% 1.1% 2.1% 
FFP 99.8% 99.6% 99.9% 95.5% 93.9% 96.1% 98.9% 97.9% 
a
Global warming potential (GWP); Stratospheric ozone depletion (ODP); Ionizing radiation (IRP); Photochemical 
oxidant formation: human health (HOFP); Photochemical oxidant formation: ecosystem quality (EOFP); Human 
toxicity potential: cancer (HTPc); Human toxicity potential: non-cancer (HTPnc); Terrestrial ecotoxicity (TETP); 
Freshwater ecotoxicity (FETP); Marine ecotoxicity (METP); Freshwater eutrophication potential (FEP); Fine 
particulate matter formation (PMFP); Terrestrial acidification (TAP); Land use (LOP); Water consumption potential 
(WCP); Mineral resource scarcity (SOP); Fossil resource scarcity (FFP); 
 
 
 
 
 
 
 
 
 
 
 
  
Table 3
Table 4. Country-level ReCiPe2016 life cycle impacts for grid-based electrolysis based on SOEC. 
Impact category Unit 
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GWP kg CO2-eq 25.64 7.18 28.85 25.81 20.51 5.66 29.62 3.31 48.24 5.44 
ODP kg CFC11-eq 1.19×10
-5
 4.77×10
-6
 1.18×10
-5
 1.39×10
-5
 1.09×10
-5
 3.93×10
-6
 1.19×10
-5
 3.57×10
-6
 6.88×10
-6
 5.06×10
-6
 
IRP kBq Co60-eq 3.92 24.97 12.53 3.18 12.19 38.60 4.40 2.37 1.28 21.73 
HOFP kg NOx-eq 0.0501 0.011 0.025 0.030 0.032 0.012 0.037 0.004 0.074 0.011 
PMFP kg PM2.5-eq 0.0256 0.0073 0.0092 0.0161 0.0215 0.0064 0.0082 0.0025 0.0673 0.0078 
EOFP kg NOx-eq 0.0113 0.0256 0.0304 0.0328 0.0119 0.0377 0.0046 0.0749 0.07 0.0113 
TAP kg SO2-eq 0.0225 0.0321 0.0504 0.0475 0.0203 0.0333 0.0063 0.2200 0.22 0.0225 
FEP kg P-eq 0.0049 0.0329 0.0072 0.0078 0.0022 0.0113 0.0008 0.0491 0.05 0.0049 
TETP kg 1.4DCB-eq 0.0057 0.0052 0.0055 0.0065 0.0064 0.0046 0.0035 0.0094 0.00937 0.0057 
FETP kg 1.4DCB-eq 0.214 0.18 0.84 0.27 0.28 0.13 0.35 0.06 1.39 0.11 
METP kg 1.4DCB-eq 0.32 0.26 1.16 0.39 0.41 0.19 0.52 0.09 1.92 0.17 
HTPc kg 1.4DCB-eq 0.89 0.79 2.07 0.99 1.00 0.67 1.12 0.55 3.52 0.64 
HTPnc kg 1.4DCB-eq 222.01 180.63 839.94 292.63 315.95 128.14 358.96 68.12 1316.50 127.20 
LOP m
2
 × y crop-eq 0.083 0.05 0.18 0.36 0.52 0.05 0.18 0.05 0.42 0.21 
SOP kg Cu-eq 0.030 0.041 0.035 0.034 0.033 0.049 0.028 0.029 0.027 0.039 
FFP kg oil-eq 7.59 2.04 7.16 6.94 5.30 1.55 9.04 0.97 11.87 1.47 
WCP m
3
 171.07 330.80 99.56 77.57 143.00 190.89 31.11 103.78 58.86 587.67 
HH DALY 3.40×10
-4
 7.44×10
-4
 2.60×10
-4
 2.06×10
-4
 3.50×10
-4
 4.30×10
-4
 1.02×10
-4
 2.31×10
-4
 2.32×10
-4
 1.31×10
-3
 
EQ Species × y 1.89×10
-6
 4.46×10
-6
 1.42×10
-6
 1.11×10
-6
 1.98×10
-6
 2.57×10
-6
 4.89×10
-7
 1.38×10
-6
 9.87×10
-7
 7.92×10
-6
 
RA $ 2.767 0.50 0.91 1.39 0.91 0.43 2.46 0.28 1.02 0.37 
a 
Global warming potential (GWP); Stratospheric ozone depletion (ODP); Ionizing radiation (IRP); Photochemical oxidant formation: human health (HOFP); Photochemical 
oxidant formation: ecosystem quality (EOFP); Human toxicity potential: cancer (HTPc); Human toxicity potential: non-cancer (HTPnc); Terrestrial ecotoxicity (TETP); 
Freshwater ecotoxicity (FETP); Marine ecotoxicity (METP); Freshwater eutrophication potential (FEP); Fine particulate matter formation (PMFP); Terrestrial acidification (TAP 
100); Land use (LOP); Water consumption potential (WCP); Mineral resource scarcity (SOP); Fossil resource scarcity (FFP); Human health (HH); Ecosystem quality (EQ); 
Resource scarcity (RA);  
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